The Notch signaling pathway is critical for the differentiation of many tissues and organs in the embryo. To study the consequences of Notch1 gain-of-function signaling on female reproductive tract development, we used a cre-loxP strategy and
INTRODUCTION
The NOTCH signaling pathway is highly conserved in most multicellular organisms and, in mammals, four NOTCH genes, NOTCH1-4, have been identified. NOTCH is a type-1 transmembrane receptor essential for local juxtacrine cell-tocell signaling, and is found in a multitude of cell lineages. The NOTCH signaling pathway has been shown to determine cellular differentiation and proliferation, apoptosis, and cell fate in both adult and embryonic life. In particular, the heart, prostate, kidney, mammary gland, and stem cell systems depend on NOTCH signaling, and defects in this pathway can lead to tumor growth [1] . The crucial role of NOTCH signaling in the regulation of angiogenesis and vascularization was revealed in mouse models of targeted disruption or constitutive signaling of Notch1, Notch1/Notch4, Jag1, Dll4, Hey1/2, and Rbpj genes [2] [3] [4] [5] [6] [7] .
The NOTCH receptor binds a membrane-bound ligand on a neighboring cell. After this contact, the NOTCH receptor undergoes two sequential cleavages by ADAM protease and csecretase, thus releasing the active intracellular domain (NICD). The NICD then travels to the nucleus, where it interacts with the transcription factor RBPJj and coactivator MAMAL1 (Mastermind-like 1), responsible for activating downstream targets [8] . In mammals, the two main target genes most commonly activated are Hes and Hey, which are key transcription factors.
In addition to its own regulatory network, NOTCH interacts with the transforming growth factor beta (TGFb) and the Wnt/ b-catenin pathways [9] . The intersection of NOTCH and bcatenin pathways has been well documented, particularly in stem cell differentiation [10] , embryonic vascular development [11] , and cardiac progenitor cell differentiation [12] . The two signaling pathways undergo crosstalk at many different stages of signaling, and direct interaction has been demonstrated by the binding of unphosphorylated b-catenin directly to the NICD [13] . Collision of the NOTCH signaling pathway and that of TGFb is expected, given their mirrored expression patterns in a number of developmental pathways and cell types. Coregulation of NOTCH and TGFb target genes has been frequently described: the NOTCH target gene Hes1 was upregulated by TGFb in keratinocytes [14] ; such interactions have also been described in smooth muscle cells [15, 16] and T cells [17, 18] .
The differentiation of the Müllerian duct is initiated in mice at Embryonic Day (E) 11.5 by invagination of the epithelium of the anterior mesonephros [19] . In females, an absence of testosterone leads to the regression and disintegration of the Wolffian duct beginning at E13.5 [20] . In the absence of Müllerian inhibiting substance, the Müllerian duct continues to differentiate, eventually forming the oviducts, uterus, cervix, and upper region of the vagina by birth; however, further maturation of these tissues continues for several weeks. The oviducts develop from the cranial region of the Müllerian duct, with coiling completed by E15 [21] ; however, at birth, no morphological differences in the oviductal epithelial cells are apparent. The first ciliary cells are visible from 5 days after birth, and secretory cells are mature by Day 23 [22] . The differentiation of the Müllerian duct requires a precise interplay of the expression of many genes. The Wnt family genes, specifically, Wnt4 and Wnt7a, expressed in the mesenchyme and epithelium [23] are important for the initial formation and sex-specific development of the Müllerian duct. Lim1 expression initiates in the Müllerian duct epithelium, but later refines to the precursor and differentiating oviduct [24] , and contributions from the HomeoboxA (Hoxa) family genes defining the anterior-posterior axis of the developing reproductive tract, or retinoic acid signaling and Emx2, are also critical [19] . Conditional deletions of Wnt7a with progesterone receptor-driven Cre recombinase [25] , b-catenin [26, 27] or Dicer [28, 29] with Amhr2-cre, and conditional activation of the signal transducer smoothened gene, Smo, with Amhr2-cre [30] all led to a development of uncoiled oviducts in mutant females.
In this study, we generated a mouse model with conditionally activated NOTCH signaling in the Müllerian duct to determine its impact on the development of the female reproductive tract and fertility. Analysis of mutant females showed that the activation of the NOTCH1 pathway resulted in their infertility associated with the abnormal development of the oviducts, inflamed uterus, and increased vascularization and hemorrhaging of blood vessels in the reproductive tract. Older females developed uterine vein thrombosis, and oviductal, ovarian and uterine cysts.
MATERIALS AND METHODS

Mouse Strains and Breeding
This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH). The protocol was approved by the Institutional Animal Care and Use Committee of Florida International University. Gt (ROSA)26Sor tm1 (Notch1)Dam /J (Rosa Notch1 ) mice were obtained from the Jackson Laboratory (Bar Harbor, ME). Rosa Notch1 mice contain a sequence encoding an intracellular portion of the mouse Notch1 gene, but lacking the C-terminal PEST domain, inserted into the GT (ROSA)26Sor locus. Expression of the Notch1 fragment is blocked by a loxP-flanked STOP fragment. The truncated cytoplasmic fragment encoded by the Notch1 sequence causes constitutive signaling activity [31] . Amhr2 tm3 (cre)Bhr (Amhr2-cre) mice were obtained from the Mutant Mouse Regional Resource Center at the University of North Carolina, Chapel Hill, supported by NIH. The mice have IRES-Cre-pA FRTflanked Pgk-neo-bpA cassette introduced into exon 5 of the Amhr2 locus, and thus transgenic Cre expression faithfully reproduces Amhr2 gene expression [32] . Amhr2-cre male mice were crossed with Rosa Notch1 female mice to generate Amhr2-cre, Rosa
Notch1 females and Rosa Notch1 female littermates, which were used as controls.
PCR Genotyping
Genomic DNA was extracted from mouse tissues using the Qiagen DNeasy blood and tissue kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. Mice were genotyped using primers specific for cre and activated Notch1 transgene (DNotch1) ( Table 1 ).
Histology and Immunohistochemistry
For each age group, a minimum of three animals was analyzed. Extracted tissues were fixed in Bouin solution overnight, then washed three times in 13 PBS and stored in 70% ethanol at 48C overnight. The tissues were processed and embedded in paraffin and sectioned at 6 or 7 lm. Slide sections were deparaffinized, rehydrated in graded ethanol, and stained with hematoxylin and eosin (H&E). Sections were dehydrated in ethanol and Histoclear (National Diagnostics, Atlanta, GA) before mounting with a coverslip.
Immunohistochemistry (IHC) was performed on mouse organs fixed in 4% paraformaldehyde, washed with PBS, treated with serial dilutions of ethanol, embedded in paraffin, and sectioned using standard protocols. IHC was performed using the anti-NOTCH1 antibody (1:400, ab27526; Abcam, Cambridge, MA) recognizing the C-terminal part of the protein. Protein detection was performed using a Vectastain ABC kit (Vector Laboratories, Burlingame, CA) as recommended. The color was developed with diaminobenzidine as chromogen. Samples were counterstained with Harris hematoxylin. Stained slides were examined with a Carl Zeiss Axio A1 Microscope and images were captured by an AxioCam MRc5 CCD camera (Carl Zeiss Microscopy, LLC, Thornwood, NY).
The proliferation of the somatic cells in mutant and wild-type Postnatal Day (P) 100 oviducts was analyzed using rabbit polyclonal to Ki67 (1:1000; Thermo Scientific, Fair Lawn, NJ). The percentage of Ki67-positive cells was evaluated in at least 500 cells in different parts of the oviducts in 3 females per group, and the average numbers were compared using Student t-test.
The number of endometrial glands was analyzed in uterine sagittal sections isolated from four P100 Amhr2-cre, Rosa Notch1 females and four Rosa Notch1 female littermates. A total of 20 random views at 320 magnification was used for counting in each sample, and the average number of glands per view was used for the Student t-test analysis.
RNA Isolation and Real-Time Quantitative RT-PCR
Total RNA was extracted from tissue samples with a Trizol reagent (Ambion, Austin, TX). After addition of chloroform and centrifugation, the top aqueous layer containing the RNA was removed and added to an equal volume of isopropanol, mixed by inversion, and incubated at room temperature for 10 min. Samples were then transferred to an RNeasy spin column (Qiagen RNeasy Kit) and centrifuged for 15 sec at 10 000 rpm before resuming the Qiagen 
Ptch1
GGAAGGGGCAAAGCTACAGT TCCACCGTAAAGGAGGCTTA
Smo
GCAAGCTCGTGCTCTGGT GGGCATGTAGACAGCACACA
Wnt4
CTGGACTCCCTCCCTGTCTT ATGCCCTTGTCACTGCAAA
Wnt5a
ACGCTTCGCTTGAATTCCT CCCGGGCTTAATATTCCAA
RNeasy kit protocol from the step at which buffer RW1 is added. Quality and concentration of RNA was analyzed with a Nanovue (GE Healthcare Biosciences, Pittsburgh, PA), treated for DNase contamination, and cDNA was synthesized using a Verso cDNA kit (Thermo Scientific). Quantitative PCR (qPCR) was performed using GoTaq qPCR Master Mix (Promega, Madison, WI) and gene-specific primers in a RealPlex 2 Mastercycler (Eppendorf, Westbury, NY) according to the manufacturers' instructions. Three dilutions of RNA were used as standards, and values were normalized to b-actin. The relative fold change in mRNA level was calculated by the comparative C t (2 -DDCt ) method. Results were analyzed using GraphPad Prism software (GraphPad Software Inc., La Jolla, CA) for statistical significance using Student t-test. The sequences of the primers are shown in Table 1 .
RESULTS
Amhr2-cre, Rosa
Notch1 Females Are Infertile
Transgenic mice with NOTCH1 gain of function in the stromal and muscle cells of the female reproductive tract and in the gonads were generated by using a cre-loxP strategy. Transgenic Amhr2-cre mice express Cre recombinase in granulosa cells in ovary and in the developing (from E12.5) and adult female reproductive tract in endometrial stromal cells, as well as in myometrium, but not in luminal or glandular epithelium [26, 30, [32] [33] [34] . In diheterozygous Amhr2-cre, Rosa Notch1 transgenic females, the Cre-driven recombination between two loxP loci led to the excision of the STOP cassette and thus activation of the Notch1 transgene. The PCR analysis confirmed the presence of a 650 bp PCR amplicon derived from the activated Rosa Notch1 transgene in DNA extracted from uterus, ovary, and oviduct of 27-day-old Amhr2-cre, Rosa Notch1 females, whereas no such band was detected in mutant heart or in any of the sibling Rosa Notch1 control mouse tissues (Fig. 1A ). Therefore, in the presence of Amhr2-cre, recombination of the Rosa Notch1 allele was successful in female reproductive organs, leading to an activation of Notch transgene.
Amhr2-cre, Rosa Notch1 female mice (n ¼ 12) were mated with wild-type males of proven fertility for 3 mo, but failed to produce any offspring. Their littermate control Rosa Notch1 females showed normal fertility, as described previously [31] . Dissection of five P100 mutant females 10 days after the occurrence of vaginal plugs revealed that none of the females was pregnant. There were no implantation sites, and their uteri appeared to be enlarged, highly vascularized, and dark purple in color. In five control female mice, multiple implantation sites were identified 10 days after vaginal plug detection. Analysis of five virgin mutant females of the same age revealed that the uterus enlargement and excessive vascularization was also present, and thus was independent of copulation ( Fig. 1B) . Abnormal vascularization in reproductive organs was detected even in newborn females (Fig. 2B) . The most remarkable feature in the female reproductive tract was the anatomy of the mutant oviducts. Normal mouse oviduct was present in control Rosa Notch1 females as a complex, coiled, tubal structure with several longitudinal folds (Figs. 1B and 2A) . The mutant oviducts did not develop coils, and had instead encircled the ovary; they were shorter and thicker than normal. As in the uterus, hemorrhaging blood vessels were clearly visible in mutant females (Figs. 1B and 2A) .
FIG. 1. Activation of Notch transgene in Amhr2-cre, Rosa
Notch1 females causes abnormal reproductive tract vascularization and absence of oviduct coiling. A) Activated allele DNotch1 was present in the oviduct (Od), uterus (Ut), and ovary (O), but not in the heart (H) genomic DNA of the mutant females. No recombination was detected in any of the tissues from Rosa Notch1 females. Cre-specific primers were used to confirm presence of the Amhr2-cre transgene and Gapdh primers derived from a single exon as a control for DNA quality. B) Increased vascularization of female reproductive organs (arrowheads) and inflamed uteri in P100 virgin mutants. Uncoiled oviduct (Od; dashed line area) circles around the ovary (Ov) in mutant.
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In order to determine the cause of the observed female infertility, four mutant females were separated from the male following identification of a plug, and then dissected after 4 days. In all four females, the reproductive tract appeared enlarged, highly vascularized, but anatomically well developed, except for the uncoiled oviduct. The oviducts from the females were dissected and then attempted to be flushed to release any trapped blastocysts. However, these efforts failed due to apparent blockage of the oviduct lumen preventing free flow of the injected media. Thus, the observed infertility might be, at least in part, the result of either the blockage of sperm transport into the oviduct from the uterus or of oocytes from the ovary.
Abnormal Oviduct Development in Female Mice with Constitutive Activation of NOTCH1 Signaling
Groups of three Amhr2-cre, Rosa
Notch1 and control Rosa Notch1 female littermates were dissected at different time points after birth to determine the impact of Notch1 activation on the reproductive tract condition (Fig. 2) . At all ages in the mutants, prominent hemorrhage of the blood vessels was detected along the reproductive tract. Even in neonatal females, leaking blood vessels were clearly visible. Most strikingly, the mutant oviducts did not develop normal coils as seen in the wild type, and were instead looped around the ovary, encircling it ( Fig. 2A) . The histological analysis of the oviducts in control and mutant animals revealed further abnormalities (Fig. 2B) . Despite the aberrant formation of the oviduct, the three major structures of the oviduct (infundibulum, ampulla, and isthmus) could be identified in the mutants (Fig. 2B) . The uterotubal
FIG. 2. Uncoiled oviducts in Amhr2-cre, Rosa
Notch1 mutant females. A) Control and mutant oviducts (Od; dashed lined area) at P2, P27, and P100. In control Rosa Notch1 females, the oviduct forms coils and is located between the ovary (Ov) and uterus (Ut). Mutant oviduct circles around the ovary. Note an excessive vascularization with hemorrhaging blood vessels (arrowheads). B) Abnormal development of the isthmus and uterotubal junction in Amhr2-cre, Rosa Notch1 mutant oviducts. Histological sections of wild-type and mutant uterotubal junctions at different ages. In the top panel, the P27 oviducts are marked with a dashed line. Mutant isthmus opens directly to the uterine lumen (area marked with a rectangle). There is a progressive outgrowth of the mutant longitudinal folds (dashed line in second to fourth rows) leading to constrictions (Co) of the lumen and the formation of cysts (C). Inf, infundibulum; Od, oviduct; Ov, ovary; Uo, uterotubal junction. Note an excessive vascularization with hemorrhaging blood vessels (arrowheads). Bars ¼ 1 mm (A), 500 lm (first, third, and fourth rows in B), and 200 lm (second row in B).
FERGUSON ET AL. NOTCH OVERACTIVATION IN FEMALE REPRODUCTIVE TRACT junction in wild-type mice is a small opening of the oviduct into the uterine horn; in mutants, this simple connection was severely disorganized and the isthmus opened directly into the uterus (Fig. 2B) . Sections of the oviducts from P100 mutant females showed that the oviduct was bent in several places along its length (Fig. 3) . At these parts, the oviduct lumen was often blocked due to the overgrowth of oviduct longitudinal folds (Fig. 3B) . The regular muscularis layer that was visible in normal oviduct was also grossly rearranged in mutant females. With age, fragmentation of the oviduct tubule progressed, and in P200 females we observed oviducts consisting entirely of small cysts (Fig. 3C) . While both ciliated and secretory epithelial cells were present in mutant oviducts, their normal structure was progressively disorganized in older females, with a large number of cellular vacuoles in secretory cells and a decrease in the number of cilia on the ciliary cells (Fig. 3F) . NOTCH1 expression detected by IHC was increased in mutant oviducts in mesenchymal cells, and nuclear staining was present in both stromal and epithelial cells (Fig. 3, G-L) , as well as in the endothelial cells of blood vessels of normal oviducts and in hemorrhaging blood vessels in mutants (Fig. 3, 
G-L).
The histological appearance suggested an overgrowth of cells in mutant oviduct (Fig. 4) . The Ki67 staining in mutant oviducts was mainly present in dense cell areas within the stroma. Comparisons of cell proliferation using Ki67 antibody revealed a significant increase (P ¼ 0.0015) of Ki67-positive stromal cells in P100 mutant oviducts (Fig. 4) .
Mutant Females Develop Uterine and Ovarian Cysts and Vascular Thrombosis
In younger animals, the mutant uteri, ovaries, and vagina were of normal size; however, even newborn mutants displayed disorganized vascularization of all reproductive organs, with extensive collapsed and leaky blood vessels causing pronounced hemorrhage. In younger mutant females, the overall anatomical uterine structure was comparable with that of control females. The number of endometrial glands in the uteri was comparable between the two groups at P100 (48.3 6 3.6 endometrial glands per view in wild type and 39.5 6 7.2 in mutants; P ¼ 0.32). In older females (P200), normal structure of the myometrium and endometrium was progressively affected by an increased number of vascular abnormalities (Fig. 5) . There was no NOTCH1 expression detected in endometrial glandular epithelium, but strong staining was present in the endothelial cells of blood vessels in normal females and in dilated blood vessels of mutants (Fig. 5, C-F) .
In mutant females, the ovarian histology revealed normal development in P2, P27, and P100 animals, with follicles at all developmental stages and corpora lutea (Fig. 6 ). Increased vascularization and dilated blood vessels were detected in all mutant ovaries. In 8-mo-old mutant females the ovary often had cysts.
Analysis of the reproductive tract of 27-, 100-, and 200-dayold females revealed the presence of uterine and ovarian cysts in older animals. The most frequently affected area was the uterotubal junction area of the uterus (Fig. 2B) . Five mutant female mice and five wild-type controls were aged to 1-year and killed. All mutant females exhibited abnormal uterine morphology; three females also had ovarian cysts (Fig. 7A) . Gross anatomy of the reproductive tract appeared abnormal, with large uterine growths, uncoiled oviducts, and ovaries that were dark purple in color.
H&E staining of a uterine swelling revealed banded staining, characteristic of an acute thrombus (Fig. 7B) , but no evidence of a hemangioma. Other cysts were filled with cells. Staining with antibodies for smooth muscle actin and caveolin 1 indicated that the uterine growth was not derived from either smooth muscle or endothelial cells (data not shown); however, these cells showed a strong staining for NOTCH1 (Fig. 7Bd) .
Activation of Notch1 Causes Up-Regulation of Wnt4
The WNT family ligands, WNT4, WNT5A, and WNT7A, are expressed in the female reproductive organs and play a prominent role in their differentiation. The expression of these genes was measured by quantitative RT-PCR (qRT-PCR) in the uteri, oviducts (Fig. 8) , and ovaries (data not shown) in 27-day-old Amhr2-cre, Rosa Notch1 mice, and compared to the littermate controls. The most dramatic change was detected in the expression of Wnt4, which was significantly higher (P , 0.05) in the mutant oviducts (Fig. 8) . There was about a 50% 
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increase in Notch1 expression in mutant oviduct; however, it was not statistically significant. No difference was detected in the expression of Notch1 in mutant uteri.
The expression of Wnt5a and Wnt7a was unchanged in mutant mice compared to sibling controls. The expression of cyclin D2, (Ccnd2), a positive regulator of G1 progression, was slightly lower (P , 0.05) in the mutant oviducts compared to the littermate controls (Fig. 8) . Transcriptional targets in the hedgehog signaling pathway were also measured, as crosstalk between pathways has been previously noted and the activation of Smo (Smoothened) in female reproductive tract caused uncoiled oviducts [30] . Smo was unchanged between mutant and control in oviduct and uterus. Neither fibronectin nor the downstream target of NOTCH1, Hes1 (hairy and enhancer of split-1) were significantly altered in the mutants, although both showed a trend of higher expression levels in the mutant oviduct. No change was detected in Myc, Gli1, and Ptch1 between the mutant and control oviducts. P21 (Cdkn1a) is another downstream target of Notch1, and its expression was unaltered in the mutant oviducts, as was also the case with cyclin-dependent kinase 6 (Cdk6) (Fig. 8) .
DISCUSSION
We investigated the effect of conditional activation of Notch1 signaling on the development of the female reproductive tract by generating Amhr2-cre, Rosa 
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the developing Mü llerian duct, and then in the oviduct and uterine stromal cells. Analysis of females revealed a number of anatomical and histological abnormalities in the reproductive tracts. The most noticeable change was in the formation of the oviducts, which lacked the coiling normally seen in wild-type females, and were instead looped around the ovary and uncoiled. Our results revealed that the induction of Notch1 signaling results in the upregulation of Wnt4 in the oviducts of the mutant females, indicating crosstalk between the NOTCH and WNT pathways. We also observed a decrease in the cell cycle checkpoint regulator Ccnd2 in the oviducts of young mutant females, but an increase of Ki67- Notch1 mutant females. Shown are control and mutant ovaries of different ages. Note that P3 and P27 mutant ovaries contain a normal number of antral follicles (F) at different stages of differentiation. Corpora lutea (Cl) are also present in mutants. Large ovarian cyst (marked with *) is present in 8-mo-old (8M) mutant ovary. Bars ¼ 100 lm for P3 and 500 lm for P27, P100, and 8M.
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positive stromal cells in older mutant oviducts, suggesting higher cell proliferation rates.
Conditional activation of the Notch1 pathway in the female reproductive tract resulted in infertility, and examination of the uterus revealed an acute inflammatory response in the uterine horns of both virgin females and females mated with males, with no evidence of embryos or implantation sites. In aged mutant females, we observed enlarged reproductive tracts with large uterine thromboses, hemorrhaging blood vessels, and ovarian cysts. The infertile phenotype seen in the Amhr2-cre, Rosa
Notch1 females appear to be primarily a result of the abnormal oviduct development, although abnormal ovulation and uterine decidualization might also contribute to infertility. The malformed structure of the oviduct appears to restrict the sperm or oocyte movement, or, if fertilization does occur, the migration of embryos to the uterus for implantation. The presence of normal follicles and corpora lutea, at least in young females, indicates that the ovary is functional, although a more detailed analysis of the functions of granulosa cells where Amhr2-cre is expressed [33] will be needed. This suggests that the primary cause of infertility appears to be mechanical and prior to the implantation stage. It is not clear, however, whether the mutant uterus is able to support implantation and development of the embryos. The latter could be further analyzed by embryo transfer accompanied by the analysis of steroid production in mutant females.
The role of Notch1 expression in the uterus has been found to be critical for completion of decidualization. Reduction in Notch1 expression in females with a floxed Notch1 allele and a cre transgene driven by a progesterone receptor (Pgr-cre) caused a reduction in expression of Wnt4 and Bmp2, both of which are known to regulate stromal decidualization. In addition, many G1/S cell cycle checkpoint genes were deregulated, and a number of proapoptotic factors increased [35] . Pgr-cre is expressed in all postnatal uterine cells in contrast to Amhr2-cre, which is absent from uterine epithelial cells and active only in uterine stroma cells [26, 36] . Notably, no implantation sites were found in the uterus of the mutant females in our experiments. Moreover, we observed uterine enlargement, characteristic of inflammation even in virgin females. This leads us to suggest that the decidualization process is sensitive to expression levels of Notch1.
The extensive disorganized vasculature and hemorrhage leading to thrombosis in mutant females indicates that the activation of NOTCH1 in stromal endometrial cells or in myometrium cells where Amhr2-cre is expressed may signal to NOTCH OVERACTIVATION IN FEMALE REPRODUCTIVE TRACT the endothelial cells of blood vessels, resulting in the observed inflammatory phenotype and dilated blood vessels. Interestingly a somewhat similar phenotype was recently described in mice with constitutive NOTCH signaling in endothelial cells [7] . However, it is also possible that the appearance of the cysts and other abnormalities in older mutant females is secondary to the infertile phenotype and possible hormonal changes.
We have detected an increase in NOTCH1 immunostaining in stromal cells in mutant uterus and in oviducts. While no increased staining was seen in uterine glandular or luminal epithelium, there were variations of NOTCH1 expression in oviductal epithelium. As Amhr2-cre was not reported to be expressed in epithelial cells, it is possible that detected variations reflect endogenous NOTCH1 expression changes throughout the estrous cycle, as recently described [37] . Surprisingly we did not detect a significant increase of Notch1 expression or its target genes in the P27 female reproductive tract by qRT-PCR. The expression of endogenous Notch1 gene in RNA isolated from total organs might mask the differences between mutant and wild-type animals. It can be also suggested that the previously reported [26, 27] low efficiency or chimeric expression of Amhr2-cre might be responsible. The more severe phenotype seen in older animals can be, in fact, a result of a gradual accumulation of cells with the recombinant transgene and hence increased NOTCH1 expression. The presented data do not pinpoint the exact target cells or tissues responsible for oviductal and uterine abnormalities, as Amhr2-cre is expressed in various sites of the reproductive tract. It is not clear either at what level NOTCH1 needs to be overexpressed to cause the mutant phenotype observed here. A more detailed analysis of NOTCH1 expression at earlier stages of development might answer these questions.
The oviductal phenotype seen in the reproductive tract of Amhr2-cre, Rosa
Notch1 females is similar to that seen in mice with a conditional b-catenin knockout, driven by Amhr2-cre. Ablation of b-catenin resulted in uncoiled oviducts and a reduction in the size of uterine horns [27] . In those mutants, no differences in the Wnt5a and Wnt7a expression were noted by whole-mount in situ hybridization on E15.5 and E19.5 mesonephroi, although no data on Wnt4 were supplied [27] . Interestingly, unlike the other models, the ovary of the conditional b-catenin knockout mutant was encased in a fluid-filled (believed to be follicular fluid) cyst [27] . Uterine glands were unaffected in contrast to Wnt7a knockout and mice with constitutive activation of Smo gene [25, [38] [39] [40] . Analysis of the Dicer knockout females also revealed abnormal oviduct coiling, as seen in our mutant females. Many of these mutants had fluid-filled cysts forming from P28 in the isthmus region [28, 29] . In situ hybridization of Wnt genes identified abnormal expression of Wnt4 and Wnt5a in the luminal epithelium and Wnt4, Wnt5a, and Wnt11 in the glandular epithelium of the uterus [28] . Another study identified significantly elevated expression of Wnt4, Wnt5a, and Wnt7a in the mutant oviducts [29] .
Abnormalities of Müllerian-derived structures were also seen in females exposed in utero to diethylstilbestrol (DES), a synthetic estrogen [21, 41] . Similar to the mutant females described here, DES-treated females had uncoiled, short oviducts wrapped around the ovary, no clear demarcation between the oviduct and uterus, and a proliferation of columnar epithelium lining the lumen, cyst formation, and inflammatory cell infiltration. Gene expression analysis of uterine RNA from DES-treated females showed a decrease in expression of Wnt7a and Wnt4, but an increase in Wnt5a expression [42] mediated through estrogen receptors ESR1 or ESR2. It has been shown that NOTCH1 regulates a subset of ESR1-target genes in breast cancer cells [43] . Further analysis of ESR/NOTCH crosstalk, as well as the detailed analysis of steroid production and signaling in females with NOTCH1 overexpression, is required.
In contrast to Amhr2-cre, Rosa Notch1 females, no defects in the formation of the oviducts in Wnt4 conditional knockout females using Amhr2-cre were noted [44] . The latter mutants had smaller ovaries than their sibling controls and were 50% less fertile. Histologically, the ovaries had fewer follicles and were more atretic, with reduced numbers of both corpora lutea and large antral follicles [44] . In conditional mutants of Wnt4 generated with progesterone receptor-driven Cre, there was a significant reduction of uterine glands [45] . The differences in uterine expression of Pgr-cre and Amhr2-cre may account for the unaffected uterine glands in the Amhr2-cre, Rosa Notch1 females described here. The Pgr-cre transgene is expressed in epithelial cells, whereas Amhr2-cre is not. It appears that, in our mice, aberrant activation of NOTCH1 in the mesenchyme alters the expression of Wnt4 to which the Müllerian duct is highly sensitive.
It was shown that Wnt4 plays a crucial role in the development of the Müllerian duct, as Wnt4 knockout females were completely masculinized and do not have Müllerian ducts [23] . Given the misexpression of Wnt4 in both Dicer and Smo conditional mouse models [28, 30] , it is therefore possible that the altered dose of Wnt4 in the Müllerian duct and oviducts could be responsible for the lack of coiling and abnormal development seen in our mutant females. In addition, the activation of NOTCH1 signaling in the female reproductive tract could result in crosstalk between the NOTCH and WNT or DICER pathways similar to that witnessed in other tissues. It should be noted, however, that a more extensive analysis of gene expression at the RNA and protein level at different steps of pre-and postnatal development is required to determine the mechanisms of these observed abnormalities.
In summary, we demonstrate here that the transgenic activation of Notch1 in female reproductive organs caused a complex infertile phenotype. The most striking feature of mutant females was an abnormal, uncoiled oviduct with overgrowth of the epithelial folds and blockage of the lumen. With age, the mutant females developed vascular thrombosis and large uterine, oviductal, and ovarian cysts.
